A new technique of transmission measurement of overheated dye vapors is applied to determine absolute absorption cross-section spectra of three active dyes for vapor phase dye lasers. The investigated compounds are 1,4-di [ 2-(5-phenyloxazolyl)]-benzene (POPOP), 1,4-di [ 2-(4-methyl-5-phenyl-oxazolyl)]-benzene (dimethyl-POPOP), and 2,5-diphenylfuran (PPF). The vapor absorption spectra are compared with liquid solution spectra in order to obtain information on the dye-solvent interaction. The saturated vapor densities are determined by transmission measurements after knowing the absolute absorption cross-section spectra. The latent heats of sublimation, evaporation, and melting are derived by analyzing the dependences of the saturated vapor densities on the vapor temperature.
I. INTRODUCTION
The spectroscopic analysis of dye vapors gives molecule parameters free of solvent contributions. [1] [2] [3] [4] [5] [6] [7] [8] [9] The comparison of vapor spectra with solution spectra delivers information on the dye-solvent interaction. [4] [5] [6] [7] [8] [9] [10] The determination of absolute absorption cross-section spectra renders possible the measurement of thermodynamic dye properties like saturated vapor pressures and latent heats of sublimation, evaporation, and melting. [6] [7] [8] ' 11 12 Dye vapors are applied to laser action [1] [2] [3] [4] [5] and nonlinear optics. [13] [14] [15] [16] [17] A thorough investigation of the dynamics of the laser action and of the nonlinear optical phenomena of dye vapors requires a detailed knowledge of the dye vapor densities and the absolute linear spectroscopic dye vapor parameters.
In this paper the technique of transmission measurement of overheated dye vapors 7 is applied to measure the absolute absorption cross-section spectra of the compounds I, 4-di[2-(5-phenyloxazolyl)]-benzene (POPOP) 45 1117-38 and 2,5-diphenylfuran (PPF). 1112 ' 22 ' 26 -2737 ' 39 The absolute absorption cross-section spectrum of the dye 1,4-di [2-(4-methyl-5-phenyloxazolyl) ] -benzene (dimethyl-PO-POP) [2] [3] [4] 21 has been determined previously. 7 The investigated dyes are active media for vapor phase dye lasers. Their structural formulas are shown in Fig. 1 .
After knowing the absolute absorption cross sections, the saturated vapor number densities are determined by transmission measurements in cells with surplus dye content. Assuming an Arrhenius-type dye desorption mechanism latent heats of sublimation (temperature below melting point of dyes) and evaporation (temperature above melting point of dyes) are calculated. The energy differences between the latent heats of sublimation and evaporation provide the latent heats of melting.
II. FUNDAMENTALS
The theoretical fundamentals for the determination of (i) the absolute absorption cross sections, (ii) the saturated vapor densities, and (iii) the latent heats of phase changes, are derived in the following.
A. Determination of absolute absorption cross sections of dye vapors
The optical transmission of an overheated dye vapor in a cell is measured. (At the temperature of measurement no condensed dye is left in the cell.) The light transmission Tat wavelength A is
a(A) is the absorption cross section at wavelength A, N v is the number density (dimension cm -3 ) of the overheated vapor, and / is the sample length, a (A) = a(A)N v is the absorption coefficient at wavelength A.
The total number of dye molecules N 0 Vin the vapor cell is given by the molecules N v V in the vapor phase and the molecules N W A adsorbed at the cell walls. Fis the cell volume and A is the inner wall surface of the cell. The dye vapor density is
The number density of dye molecules N w (dimension cm -2 ) adsorbed to the walls is obtained by equating the rates of adsorption n adw and desorption n deStW n i is the rate of vapor flow to the walls and is determined from gas kinetics. p v is the dye vapor pressure, m is the mass of a dye molecule, k is the Boltzmann constant. & is the cell temperature. S wd is the dye-wall sticking coefficient denoting the fraction of incident molecules that are adsorbed at the wall. The last expression of Eq. (3) is obtained by application of the ideal gas equation
The rate of desorption of dye molecules from the walls is 
B. Determination of saturated dye vapor densities
Saturated dye vapors exist in vapor cells with surplus dye in the reservoir. The saturated vapor pressure p s is determined by the equality of the rate of desorption and the rate of adsorption at the condensed dye surface.
The adsorption rate is
R is the temperature of the dye reservoir and S is the dyedye sticking coefficient.
The desorption rate is «des = «surfKies e X P( ~ QdcJ^R ), (10) « surf is the surface number density of dye molecules (dimension cm -2 ). v des is the attempt frequency of desorption from the condensed dye and exp( -ö des /k& R ) is the escape probability, ödes * s t n e dye-dye desorption energy. The equality of adsorption of desorption rate results in
The saturated dye vapor density in the vapor cell (temperature &) is determined by use of the ideal gas equation (Ps -N s k&). The result is
After knowing the absorption cross-section cr(A), the saturated vapor density N s is determined experimentally by transmission measurements {Eq. (1):
The desorption energies ö des and the constants /c des are determined by fitting Eq.12 to the experimental N s points.
C. Determination of latent heats
The phase transition from solid to liquid (melting), solid to vapor (sublimation), and liquid to vapor (evaporation ) follows a Carnot process with work A W = A Vdp s and heat Aß = n M A. AVis the change of volume in the phase transition, A is the molar latent heat, and n M is the number of moles transferred from one phase to another. The thermodynamic efficiency of the Carnot process is 77 = AW/AQ = d# R /& R = AVdp s /(n M A). The change of saturated vapor pressure with temperature is dp s n M A dd R d R AV (13) Equation (13) 
III. EXPERIMENTAL
The optical transmissions of the dyes POPOP, dimethyl-POPOP, and PPF in the vapor phase and in the sol- vent cyclohexane are measured with a conventional spectrophotometer (Beckman type ACTA MIV). The schematic experimental setup is shown in Fig. 2 . Details of the experimental arrangement and of the vapor cell are described in Ref. 7 . The vapor cell temperature t? is kept approximately 15° higher than the reservoir temperature d R in order to avoid dye deposition at the vapor cell windows. The absolute absorption cross-section spectra are derived from transmission measurements of overheated dyes at three diiferent temperatures. The saturated vapor densities are obtained from transmission measurements with surplus dye in the reservoir.
IV. RESULTS

A. Absorption cross-section spectra
The absolute absorption cross-section spectrum of dimethyl-POPOP was determined in Ref. 7 and is not shown here. respectively. The rise of absorption slows down above the saturation temperature t? 5 (where N 0 =N S ). In the constant temperature regions the absorption decreases gradually, probably due to cell leakage, dye diffusion into pores of the cell walls, and dye decomposition. The calculated total absorption coefficients, a 0 = N 0 a, for the amounts of dye inweighted are indicated.
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The absorption cross-section spectrum of POPOP vapor at a reservoir temperature of & R =250 °C is shown by the solid curve in Fig. 5 . The vapor spectrum is nearly independent of temperature in the investigated region between 200 and 300 °C. The absorption spectrum of POPOP dis-
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FIG. 6. Absorption cross-section spectra of PPF. Dashed curve, dye dissolved in cyclohexane (concentration 10" 4 mol/dm 3 ). Solid curve, dye vapor at # R = 130 °C (# = 145 °C).
solved in cyclohexane is shown by the dashed curve. The vapor spectrum is blue shifted and smoothed compared to the spectrum in cyclohexane.
The absorption cross-section spectra of PPF vapor (& R = 130 °C) and of PPF dissolved in cyclohexane are shown in Fig. 6 . Again the vapor spectrum is blue shifted and smoothed compared to the solution spectrum. Between 100 and 170 °C the vapor spectrum changes only slightly with temperature. The wavelengths of maximum S 0 -S x absorption A mSLXt the peak S 0 -S { absorption cross-sections cr max , and the integrated S 0 -S x absorption cross-sections /^.^^(vjrfv, (v = A _ 1 ) are listed in Table I . The 5 0 S l absorption crosssection integrals of the dye vapors and the cyclohexane solutions are approximately equal.
The spectral shift of the absorption peaks of the solutions compared to the vapors was discussed in Ref. 7 . For nonpolar solutes in nonpolar solvents the shift is caused by dispersion force interaction (London forces) and is given by 10 ( ,7) / is a dye molecule dependent constant and n is the optical refractive index of the solution at its absorption peak. The obtained / values of the investigated dyes are listed in Table I .
B. Saturated vapor densities
The saturated vapor densities N s are obtained from transmission measurements with surplus dye in the reservoir. sity depends on the vapor treatment. In the case of POPOP (Fig. 7) the saturated vapor pressure follows the sublimation curve when starting from temperatures below the melting temperature. In cooling down the POPOP dye from above the melting point, the experimental points continue to follow the evaporation curve down to nearly 30 °C below the melting point and then change over to the sublimation curve. It is thought that either supercooling of the liquid or an amorphous solidification of the dye occurs before at low enough temperatures the recrystallization of the dye occurs. If POPOP is heated up above 350 °C and kept at this high temperature for time durations longer than 1 h, then some dye decomposition occurs showing up in an increased shortwavelength vapor absorption in cooling down below 220 °C (not shown in Fig. 7) . The experimental saturated vapor density points of dimethyl-POPOP (Fig. 8) indicate no hysteresis effects (no supercooling in decreasing the temperature below the melting point). Only in the case of heating up the dye above 340 °C for about 1 h, then in cooling down below the melting point the experimental points continue to follow the evaporation curve (see Ref. 7) .
The temperature behavior of the saturated vapor density of PPF is shown in Fig. 9 . In heating up to the melting point the experimental points follow the sublimation curve. In cooling down from above the melting point the experimental data continue to follow the evaporation curve (no recrystalization). Down to 40 °G below the melting point no return to the sublimation curve is observed (last measured point at &R = 47 °C gives some indication of beginning return).
C. Latent heats
The molar latent heats of sublimation A s and evaporation A e are proportional to the sublimation energies Q s and evaporation energies Q e [see Eq. (1.6)] which have been determined above by fitting the saturated vapor density equation (12) 
V. CONCLUSIONS
The dyes POPOP, dimethyl-POPOP, and PPF were analyzed by absorption spectroscopy. The absolute absorption cross-section spectra are determined. The blue shift of the vapor spectra compared to the liquid solution spectra allows to study the solvent influence. The temperature dependence of the saturated vapor density or the saturated vapor pressure allows the determination of the latent heats of sublimation, evaporation, and melting. The break in the vapor density curves determines the melting temperature of the investigated dyes.
